A flow-injection system was developed for the determination of ethanol with an immobilized enzyme-reactor column. This system, which consisted of hand-made reactor columns packed with alcohol oxidase and horseradish peroxidase immobilized onto chitosan beads, and a fluorometric detector, was applied to the determination of ethanol in liquor samples. Under the recommended conditions, the ethanol, which was present in the pretreated samples, was converted to hydrogen peroxide when it was passed through the immobilized alcohol oxidase (AOD) column with 0.1 mol/dm 3 phosphate buffer (pH 7.0). A sample can be analyzed with this system in <10 min. The calibration curve for ethanol was linear from 2.0 to 0.1 mg/dm 3 . The determination limit, which was defined by the difference between the sample peak and blank peak, was estimated to be 50 mg/dm 3 for ethanol. Interferences from some substances present in actual liquor samples decreased the analytical response and activity of the immobilized AOD-reactor column, but they were removed by dilution and pretreatment with an octyldecylsilane cartridge.
I
n clinical inspections, analytical methods are needed to determine micro amounts of intermediate metabolites or bioactive substances. Furthermore, the methods should not require additional operator skills or instrument maintenance. For these reasons, flow-injection techniques and automatic instrumentation were used for the determination of some metabolities and in situ enzymes (1) (2) (3) . Much of the system apparatus was combined with enzymatic spectrometry in a final detection step. However, because the enzyme is used in solution in these processes, it causes high background absorbance, resulting in high-cost performance (4, 5) .
In the immobilized-enzyme technique, selective reaction and/or chain reactions with the analyte are produced by the selection of the enzyme-reactor column and reagents (6) (7) (8) (9) . In a previous paper, we reported that an immobilized horseradish peroxidase was prepared by using a glutaraldehyde bridge with chitosan beads as a carrier (10) and combined with a flow-injection system to determine hydrogen peroxide (11) . Similarly, an immobilized glucose oxidase was applied to the flow-injection system to determine glucose in beverage samples (12) .
In this study, an alcohol oxidase immobilized enzyme-reactor column was combined with a flow-injection system for ethanol determination. To date, various types of alcohols have been determined by gas chromatography (GC; 13), enzymatic spectrophotometry (14, 15) , and biosensors (16) . GC, which has a wide dynamic range and can be used for simultaneous determination of coexisting substances, is commonly used in the food science and medical fields. Methods that involve simple oxidation must first remove ethanol from samples by distillation or microdiffusion before it is determined by titrimetry or spectrophotometry with chromic acid as an oxidant (17) .
Enzymatic assays are based on the use of commercially available alcohol dehydrogenase (ADH; alcohol:NAD + oxidoreductase; Enzyme Commission [EC] 1.1.1.1) or alcohol oxidase (AOD; alcohol:oxygen oxidoreductase; EC 1.1.3.13). The first enzyme catalyzes the oxidation of ethanol to acetaldehyde, and spectrophotometric measurements are made of the reduced coenzyme, NADH (reduced nicotinamide adenine dinucleotide). The assay has been applied with some analytical techniques, such as differential amperometric detection and flow-injection analysis (FIA) with spectrophotometry or fluorimetry (18) (19) (20) (21) . Although AOD as a second enzyme is commercially available, studies using the enzyme are few, because NADH produced by the ADH catalyzing reaction is easily detected. In recent studies, it has been noted that NADH detection is influenced by some coexisting substances and that hydrogen peroxide, which is produced by the AOD catalyzing reaction, can be detected with greater sensitivity than NADH (16, 22) . Therefore, an analytical method based on the reaction catalyzed by AOD has more significance. However, because AOD is a comparatively unstable enzyme, the activity of the enzyme immobilized on a microplate cannot be maintained for about 10 days (22).
In our previous paper (11, 12) , we reported an FIA system with an immobilized enzyme-reactor column that was prepared by a glutaraldehyde bridge reaction between the enzyme and chitosan beads as a carrier. In subsequent work the enzyme was immobilized onto chitosan beads under milder conditions, and the resulting immobilized enzyme was kept at higher activity. The goal of the work described in this paper was to immobilize AOD onto chitosan beads as a carrier and apply it to the determination of ethanol in some liquor samples by FIA with the immobilized enzyme column and fluorescence detection.
Experimental

Apparatus
(a) Spectrofluorometric.-Shimadzu (Kyoto, Japan) RF-535 spectrofluorometer equipped with a quartz flow cell (12 µL). Fluorescence intensity was recorded by a Pantos Unicorder C-228 recorder.
(
-The activities of the immobilized enzymes were measured at 25°C, and temperature was maintained by using a Model CTE-42W Yamato-Komatsu Coolnics circulator (Tokyo, Japan).
(e) Shaker.-The immobilized enzyme was prepared with a Model V-DN Iwaki KM-Shaker (Tokyo, Japan) which was used at maximum speed.
(f) Pumps.-Nihon Seimitsu Mini-Chemical Pumps Models NP-EX3U and NP-KX-110U (Tokyo, Japan) were used for FIA.
(g) Column.-The immobilized enzyme column was a plastic minicolumn (50 × 5 mm id) packed with ca 0.8 g peroxidase or AOD immobilized onto chitosan beads.
(h) Cartridge.-A Waters (Milford, MA) Sep-Pak Plus C 18 cartridge was used for sample pretreatment. All other chemicals were analytical-reagent grade (Wako Pure Chemical Co. Ltd.).
Reagents
All solutions, except for a fluorometric indicator solution, were prepared with ultrapure water obtained by using a Milli-Q SP Reagent Water System (Millipore Corp., Bedford, MA). A fluorometric indicator solution was prepared with water, which was distilled as ultrapure water in a borosilicate glass still.
Preparation and Measurement of the Activity of the Immobilized Enzyme
The immobilized enzyme was prepared by the glutaraldehyde bridging method. The immobilized POD was prepared as described previously (10) . Approximately 2 g chitosan beads were placed in a beaker, and 10 mL 0.3% (v/v) glutaraldehyde in 0.3 mol/dm 3 Tris, the pH of which was adjusted to 8 with nitric acid, was added, and the contents of the beaker were stirred for 1 h. Then 5 mL 2 × 10 -3 mol/dm 3 borate solution was added, and the contents of the beaker were again stirred for 1 h. The enzyme solution was added to the reaction mixture, which was again stirred for 1 h. After the chitosan beads were washed with water, all these procedures were repeated. The resulting chitosan beads were used as the POD immobilized enzyme (POD-IE) and were stored in a refrigerator at 4°C in the preserving solution.
To prepare the immobilized AOD ca 2 g chitosan beads were placed in a glass centrifuge tube, 10 mL glutaraldehyde solution was added to the tube, and the tube was shaken for 20 min. Then 10 mL AOD solution containing AOD at ca 100 U/mL in phosphate buffer was added to the tube, which was shaken for 10 min. After the beads were washed with water, the resulting chitosan beads were used as the AOD-immobilized enzyme (AOD-IE) and were stored in a refrigerator at 4°C in the preserving solution.
The activity of the POD-IE was measured as described previously (10) . The activity of the AOD-IE was measured by a standard method for POD with some modifications. In the measurement of POD activity the rate of the degradation of hydrogen peroxide catalyzed by POD was measured by using guaiacol as an indicator. By strict definition, the activity of AOD was measured from the variation in ethanol concentration/min that was induced by AOD. However, the activity of AOD was usually measured from the concentration of hydrogen peroxide, which was produced by AOD for an immediate reaction with HPPA that was catalyzed by excess POD. In the measurement of AOD activity, 2,2N-azino-di(3-ethylbenzthiazoline-6-sulfonate) (ABTS) is usually used as an indicator (23) . However, it was too high in sensitivity to measure the activity of the prepared AOD-IE. Although the sensitivity of guaiacol was lower than that of ABTS, guaiacol whose molecular absorption coefficient was clear, was adopted as the indicator. The concentrations of other substances used in the measurement of AOD activity were the same as those used in the standard method.
Approximately 0.3 g (wet weight) AOD-IE was placed in a 100 mL flask; 17.0 mL 0.1 mol/dm 3 phosphate buffer (pH 7), 1.0 mL 6 × 10 3 mol/dm 3 guaiacol, and 1.0 mL of about 100 mg/dm 3 POD were added to the flask. After the suspension was allowed to stand at 25°C for 45 min, 6.6 g/dm 3 methanol was added to the mixture, and the whole solution was stirred continuously. At 1.5 min intervals, a 3 mL aliquot of the reaction mixture was placed in a quartz cell, and the absorbance was measured at 436 nm. The solution was then returned to the reaction mixture to maintain the volume of the reaction mixture. After the measurements were made, the AOD-IE was collected and dried in an oven at 105°C for 6 h. The dry weight of the AOD-IE was measured to estimate the activity. The reaction rate was estimated from the difference in the absorbance fluctuation per minute at 436 nm, and the amount of methanol reacted was then estimated as micromolecules per minute. As a blank test, the same procedure was performed with water instead of methanol.
The activity per unit weight of the AOD-IE can be calculated from the U value and the dry weight of the AOD-IE used. The mixture reacted in the POD-IE column to produce a fluorescent species. The fluorescence intensity was then measured at an excitation wavelength of 305 nm and an emission wavelength of 405 nm. The concentrations of the alcohol were determined from a calibration graph, which was prepared with the peak heights obtained by using standard ethanol solutions. For the determination of ethanol in actual samples, pretreated as described in Application to Actual Samples, solutions were injected into the FIA system through an octyldecylsilane (ODS) cartridge. The flow rates of the carrier and the indicator stream were identical (0.4 mL/min).
Results and Discussion
Immobilized Enzyme
The immobilizing reaction was based on the glutaraldehyde bridging method shown in Figure 2 . In our previous paper, the reaction scheme was the same (10). However, the development of an analytical method for the determination of borate, which was based on the formation of a Schiff base generated by the reaction between an amino group and an aldehyde group, showed the possibility of the immobilized reaction. The catalytic effect of boron on the activity of an immobilized enzyme depended on the enzyme used. Although POD and glucose oxidase (GOD), which were used in our previous work (11, 12) , influenced the catalytic effect of boron so that the activities of the POD-IE and GOD-IE were improved by the addition of borate solution to the immobilizing reaction mixture, AOD was not influenced by it. In this study, the suitable conditions of the immobilizing reaction, such as the concentration of glutaraldehyde, the reaction time, and the activity of AOD, were examined.
The activity was reduced for the sake of polymerization between the the enzyme and glutaraldehyde in solution at glutaraldehyde concentrations of >0.1%.
The suitable reaction pH for the immobilization of AOD was 10, as shown in Figure 3 . In our previous work (10), the suitable reaction pH was 8, and the activity of the immobilized enzyme was reduced beyond that pH because the structure of the enzyme might be changed. Although the activity of AOD-IE was reduced when the alkaline carrier was used in the flow-injection system with AOD-IE, it was increased when alkaline medium was used in the immobilization reaction. On the other hand, investigation of an analytical method for the determination of borate showed that the suitable pH for the reaction producing a Schiff base was 10. These results suggest that the immobilization of AOD is influenced more by the production of Schiff base than by the structure of AOD.
Because the activity of AOD-IE was reduced when the time of reaction between glutaraldehyde and chitosan was >20 min, a reaction time of 20 min was selected. It was thought that beyond 20 min the aldehyde group in glutaraldehyde might be oxidized to carboxylic acid by a dissolved oxygen so that it could not react with an amino group in chitosan. Consequently, the activity of AOD-IE would be decreased.
The activity of AOD-IE was proportional to the activity of AOD used. Because the stoichiometric conversion of ethanol to hydrogen peroxide for up to 2.0 mg/dm 3 ethanol was possi- ble, AOD-IE was prepared with 100 U AOD/g carrier. Therefore, AOD-IE prepared with >100 U AOD/g carrier was used in the flow-injection system. To maintain the activity of AOD-IE, various solutions, listed in Table 1 , were examined as preserving solutions for AOD-IE. In the case of POD-IE or GOD-IE (11, 12) , a preserving solution that included BSA was the most suitable, whereas 0.1 mol/dm 3 phosphate buffer solution (pH 7) was the most suitable for AOD-IE. On the basis of the results, 0.1 mol/dm 3 phosphate buffer solution (pH 7) was used as the preserving solution for AOD-IE, and the column packed with AOD-IE was stored in a refrigerator after use.
Analytical Conditions for FIA
The manifold design was chosen from results of previous work (12) involving techniques that could use $2 immobilized enzymes. The most suitable technique for using the immobilized enzymes was to prepare each immobilized enzyme independently, so that the FIA system was constructed from 2 columns, an AOD-IE column and a POD-IE column, as shown in Figure 1 .
Injection Volume and Flow Rate
The effect of sample volume was examined by injecting 0.1-1.5 mL of a 1 mg/dm 3 ethanol solution. The maximum peak height was obtained for 1.3 mL.
The reaction period and the degree of sample dispersion in the immobilized enzyme column depended on the flow rate. To establish the optimum flow rate, the experiment was performed over a range of 0.4-1.4 mL/min for total flow rate of the double plunger pump by injecting a 1 mg/dm 3 ethanol solution. The flow rates of the carrier and indicator solutions were always identical. When the lower flow rate was adopted, the peak height was reduced by the dispersion of sample in the immobilized enzyme column. When the higher flow rate was adopted, the peak height was reduced by the decreased reaction time in the AOD-IE column. On the basis of these results, the flow rates of the carrier and indicator solutions were set at 0.4 mL/min. It took 10 min at this flow rate for the determination of ethanol from an injection of 1.3 mL sample solution.
Effect of Carrier Component and pH
The activity of the immobilized enzyme must not be influenced by the carrier in the FIA system. Tris buffer was used because it did not affect the structure of the enzyme. However, when AOD-IE was used in the FIA system, its activity was decreased by the use of Tris buffer as a carrier. Therefore, the phosphate buffer solution that was used as the preserving solution was also used as a carrier solution in the FIA system. Figure 4 shows the effect of carrier pH on peak height. Because maximum peak height was obtained, the carrier pH was set at 7.
The effect of the concentration of phosphate buffer solution is shown in Figure 5 . The buffer capacity was higher at higher concentrations of phosphate buffer in the carrier. Consequently, the pH of the reaction in the POD-IE column between HPPA and the hydrogen peroxide produced by the AOD-IE column was decreased. Therefore, the fluorescence generated by the dimerization of HPPA, which was catalyzed by POD-IE, was adsorbed on the surface of the POD-IE so that the peak height was higher and the peak shape was tailing when a higher concentration of phosphate buffer was used as a carrier. On the basis of these results, the concentration of phosphate buffer in the carrier stream was set at 0.1 mol/dm 3 .
Effect of HPPA Concentration
HPPA was used as a fluorescence indicator in the proposed method; the reaction mechanism has been described in the literature (24) . In our previous work (11) , the sensitivity of the hydrogen peroxide determined by the FIA system, including the POD-IE column, was constant when the concentration of HPPA was >2.3 × 10 -3 mol/dm 3 . In this study, the detection system was the same as that used previously (11); therefore, the HPPA concentration was set at 2.3 × 10 -3 mol/dm 3 .
Stability of Immobilized Enzyme Column
In the proposed procedure the pH of the immobilized POD column was higher than that used in some other studies. After the experiments were performed, the POD column was filled with the preserving solution and stored in a refrigerator at 4°C. With this treatment, the immobilized POD column showed a constant sensitivity for >2 years. On the other hand, the immobilized AOD column was used without preservation. However, the activity of the immobilized AOD column decreased with increased use. In the FIA system, the sensitivity of the AOD column was constant for >2 weeks and >200 injections. Over this period, the sensitivity gradually decreased, but the concentration of ethanol determined from the calibration graph was corrected with the standard solution on the same day. The immobilized AOD column was used for the determination of ethanol in real samples for about 1 month, and it was stored in a refrigerator at 4°C to maintain the activity for 2 months. Figure 6 shows the flow signals obtained by the FIA system under the established analytical conditions summarized in Figure 1 . The peaks had a sharp and high reproducibility but slight tailing, which did not affect the determination of ethanol in the sample. The ethanol in one sample could be determined within 10 min. The calibration graphs for determination of ethanol by the proposed procedure were linear from 2.0 to 0.1 mg/dm 3 . The determination limit, which was defined as the difference between the sample peak and blank peak, was estimated to be 50 µg/dm 3 for ethanol. Table 2 summarizes the effects of coexisting substances and ions, which were studied by adding each foreign substance and ion to an ethanol standard solution. Because AOD-IE was not stable, compared with POD-IE or GOD-IE, which were used in our previous work (11, 12) , the activity of AOD-IE was lost in the presence of 1000 mg/dm 3 aluminum(III), and it was reduced in the presence of 500-1000 mg/dm 3 sodium(I) or chloride ion. However, coexisting ions did not influence the determination of ethanol at the levels shown in Table 2 . Fluoride ion was an influence at the 10 mg/dm 3 level (data not shown), but it was not present in actual food or biological samples.
FIA Signals and the Calibration Graph
Effect of Coexisting Substances and Ions
Some organic substances interfered with the determination of ethanol. Pretreatment with an ODS cartridge removed these interfering substances. The effect of pretreatment with the ODS cartridge is shown in Table 3 . The recoveries were satisfactory for the determination of ethanol in actual samples.
In the handling of the samples, they were diluted 1000-to 10 000-fold to within the linear range of the proposed FIA system, and then injected into the FIA system through an ODS cartridge.
Application to Actual Samples
The results obtained by the method of standard additions (Figure 7) show the effect of coexisting substances and ions in Japanese sake, which was used as the typical actual sample. a A = Japanese sake; B = white wine; and C = sweet rice wine.
As pretreatment, the samples were filtered through a membrane filter (pore size, 0.45 µm) and then diluted 50 000-fold with water to within the linear range of the ethanol concentration for the proposed FIA method. Then the samples were injected through the ODS cartridge, for removal of organic interferences, into the FIA system shown in Figure 1 . The regression equation obtained for the Japanese sake sample was parallel to the standard calibration graph that was obtained of the ethanol standard solution. On the basis of the results obtained by the method of standard additions, the proposed method was applied to the determination of ethanol in alcoholic beverages. Table 4 summarizes the concentrations found and results obtained after the addition of ethanol to the samples. The recovery results obtained by the proposed method were appropriate.
